Although hypertension may involve underlying inflammation, it is unknown whether advanced atherosclerosis − a chronic inflammatory condition − can by itself promote hypertension. We thus tested if advanced atherosclerosis in chronically hypercholesterolemic mice is associated with systemic and end-organ inflammation, vascular dysfunction and oxidative stress, and whether blood pressure is higher than in control mice. Male ApoE −/− and wild-type (C57Bl6J) mice were placed on a high fat or chow diet, respectively, from 5 to 61 weeks of age. Expression of several cytokines (including IL-6, TNF-␣, IFN-␥ and/or IL-1␤) was elevated in plasma, brain, and aorta of ApoE −/− mice. Aortic superoxide production was ∼3.5-fold greater, and endothelium-dependent relaxation was markedly reduced in aorta and mesenteric artery of ApoE −/− versus wild-type mice. There was no difference in blood pressure of aged ApoE −/− (104 ± 3 mmHg, n = 13) and wild-type mice (113 ± 1 mmHg, n = 18). To clarify any effects of aging alone, findings from 61 week-old wild-type mice were compared with those from young (8-12 weeks old) chow-fed wild-type mice. The data indicate that aging alone increased renal and aortic expression of numerous cytokines (including CCL2, CCL7 and IL-1␤). Aging had no effect on blood pressure, systemic inflammation, oxidative stress or endothelial function. Despite systemic and end-organ inflammation, oxidative stress and endothelial dysfunction, advanced atherosclerosis does not necessarily result in elevated blood pressure.
Introduction
Hypertension is a complex condition with approximately 90% of cases classified as 'essential hypertension' in which the underlying cause is unknown [1] . While findings from human and animal studies have demonstrated an association between hypertension and inflammation [2] , it remains controversial as to whether inflammation is a cause or an effect of hypertension. There is evidence to suggest that inflammation can precede hypertension. For example, the plasma level of the acute phase protein, C-reactive protein, which rises in response to inflammation [3] , is elevated in pre-hypertensive patients [4] , and is associated with a higher risk of developing hypertension [5] .
Hypertension is also recognized as a major risk factor leading to atherosclerosis − in which conduit arteries develop thickened lesions that involve chronic inflammation throughout all stages of plaque development [6] . While there is much clinical evidence of an association between hypertension and atherosclerosis, a cause and effect relationship has not been definitively shown. Interestingly, while it is clear that stiffening of large conduit arteries: 1) contributes to elevated systolic blood pressure during hypertension [7] ; and 2) is a strong predictor of future cardiovascular events in hypertensive patients [8] ; the concept that vascular inflammation and stiffening in atherosclerosis may in itself lead to hypertension has received little consideration. We have thus tested whether atherosclerosis may lead to hypertension by measuring arterial pressure over a period of 56 weeks of high-fat feeding in apolipoprotein E deficient (ApoE −/− ) mice. In addition, as oxidative stress and endothelial dysfunction occur in the early stages of atherogenesis [9] and are both associated with hypertension [10, 11] we assessed whether vascular and systemic inflammation, oxidative stress and endothelial dysfunction are present during advanced atherosclerosis and whether their levels are correlated with arterial pressure.
Materials and methods

Model of atherosclerosis
The study was approved by the Monash University Animal Research Platform Animal Ethics Committee. Male wild-type C57Bl6J mice (WT, n = 37) and ApoE −/− mice (n = 28) were obtained from Monash Animal Research Platform. ApoE −/− mice were placed on a high fat diet for 56 weeks (22% fat, 0.15% cholesterol semi-pure rodent diet SF00-219, Specialty Feeds, Australia) from 5 weeks of age. Age-matched C57Bl6J mice on normal chow served as controls. Effects of aging were assessed by comparing young (8-12 weeks old; n = 10) and aged (15-16 months old; n = 27) WT mice. Mice were euthanized by overdose of inhaled isoflurane.
Blood pressure measurements
Systolic blood pressure was monitored in conscious mice via tail cuff plethysmography using the MC4000 Multichannel system (Hatteras Instruments). Blood pressure measurements commenced at age 19 weeks in WT and ApoE −/− mice (i.e. 14 weeks after starting the dietary regime), and were performed every 7 weeks according to the following procedure. On the week of measurement, mice were trained for 3 consecutive days for acclimatization to the procedure, and blood pressure was then recorded on the following 2 days. The average of these two measurements was then taken as the reading for that mouse. In separate cohorts of mice, systolic blood pressure was also measured in ApoE −/− mice after 54 weeks of high-fat feeding and in age-matched WT mice using radiotelemetry, for which mice were surgically implanted with a telemeter probe (Model TA11PA-C10, Data Sciences International, USA) as previously described [12] , and allowed to recover for one week. Blood pressure was then recorded over a 2-week period.
Atherosclerotic lesions
The thoracic aorta was removed, cut open longitudinally and fixed in 60% isopropyl alcohol for 5 min, stained in oil red O (0.5% in 60% isopropyl alcohol) for 30 min, placed in 60% isopropyl alcohol for 5 min to remove excess stain, and then placed in PBS until en face images were photographed.
Plasma cholesterol and cytokines
At the time of euthanasia, whole blood was collected in a 1 ml syringe via the posterior vena cava, transferred to a heparinized tube, and centrifuged at 10,000 RPM for 10 min at 4 • C to obtain plasma. Total cholesterol, triglycerides, low-density lipoprotein (LDL) and high-density lipoprotein (HDL) cholesterol were measured by Gribbles Veterinary Pathology (Melbourne, Australia). Plasma cytokine (interferon (IFN)-␥, interleukin (IL)-12p70, IL-4, IL-5, IL-6, and tumour necrosis factor (TNF)-␣) levels were measured using a ProcartaPlex TM Mouse Essential Th1/Th2 Cytokine Panel (eBioscience).
Inflammatory genes
Expression of pro-and anti-inflammatory genes in the brain, kidneys and aorta was determined using TaqMan ® real-time PCR. Tissues were harvested and snap frozen in liquid nitrogen. RNA was extracted from brains and kidneys using RNeasy Mini kit (Qiagen), and from aortae using RNeasy Micro kit (Qiagen), and was quantified using a Nanodrop 1000D spectrophotometer (Thermo Scientific). Extracted RNA was then converted to 1st strand cDNA using a High Capacity cDNA RT Kit (Applied Biosystem). Commercially available primers (Applied Biosystems) were used to assess mRNA expression of inflammatory markers, and the house-keeping genes ␤-actin or Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH), on a CFX96 Touch Real-Time PCR Detection machine (Bio-Rad). Differences in gene expression were analyzed using the comparative C T method [13] .
Endothelial function
Rings of abdominal aorta (2 mm in length) and second order mesenteric arteries (125-260 m in diameter) were isolated. Aortic rings were mounted in a Mulvany-style small vessel wire myograph (Danish Myo Technology) containing Krebs-bicarbonate buffer (in mmol/L: d-glucose 11.1; CaCl 2 2.5; NaCl 118; KCl 4.5; KH 2 PO 4 1.03; MgSO 4 0.45; NaHCO 3 25) and bubbled with carbogen (95% O 2 /5% CO 2 ), and after 20 min equilibration were stretched to a baseline tension of 5 mN and then maximally constricted using U46619 (U-max, 300 nmol/L). After washing 3 times and a further 20 min equilibration, aortic rings were then contracted submaximally (to ∼50% of U-max) and concentration-relaxation responses to carbachol (1 nmol/L to 30 mol/L) and then diethylamine NONOate (DEA-NO, 1 nmol/L to 30 mol/L) were recorded in the same vessel with an ∼30 min washout period between curves. Rings of mesenteric artery were mounted between two microcannulae at 60 mmHg in a pressure-myograph (Living Systems Instrumentation, Inc) and were superfused with carbogen-bubbled Krebs-bicarbonate solution (in mmol/L: D-glucose 11.1; CaCl 2 2.5; NaCl 118; KCl 4.5; KH 2 PO 4 1.03; MgSO 4 0.45; NaHCO 3 25) and bubbled with carbogen (95% O 2 /5% CO 2 ) at 37 • C. After the arterial segment was submaximally constricted by U-46619 (to ∼30% of baseline diameter), concentration-response curves to carbachol (1 nmol/L to 100 mol/L) and then DEA-NO (1 nmol/L to 100 mol/L) were constructed in the same vessel with an ∼30 min washout period between curves.
Superoxide measurements
L-012-enhanced chemiluminescence was performed to measure superoxide levels in rings of freshly harvested thoracic aorta in the absence and presence of the NOX2 oxidase activator, phorbol 12,13-dibutyrate (PdB) (10 M). In semi-darkness, aortic rings were placed in a white 96-well plate containing Krebs-HEPES buffer (in mM: D-glucose 11.1; Na-HEPES 20; NaHCO 3 25; CaCl 2 2.50; NaCl 99.01; KCl 4.69; KH 2 PO 4 1.03; MgSO 4 1.20; pH 7.4) and background photon counts measured using a Hidex Chameleon single photon counter (30 × 1 min cycles, 3 s per well). L-012 (100 M) was then added to each well and measurements were made for another 30 cycles. PdB was then added to each well and measurements were made for another 30 cycles. The aortic rings were then transferred onto aluminium foil, where they were dried for 24 h at 37 • C and weighed. Superoxide production was expressed relative to the dry weight of tissue. −/− mice on high fat diet for 56 weeks and wild-type (WT) mice on chow, as measured by tail cuff (at week 19, n = 20 per group; at week 61, n = 18 for WT and n = 13 for ApoE −/− mice). B: Oil red O staining revealed the thoracic aorta of ApoE −/− mice but not WT mice was extensively covered in atherosclerotic plaques. Plasma triglycerides (C), total cholesterol (D) and LDL levels (E) were elevated, and HDL levels (F) were decreased in ApoE −/− mice compared to WT mice (n = 6-9). All data are mean ± S.E.M. *P < 0.05 vs WT mice, Student's unpaired t-test.
Data presentation and statistical analyses
All data are expressed as mean ± S.E.M. Statistical analyses between groups were performed using Student's unpaired t-test, or a one-or two-way ANOVA followed by a Tukey post-hoc test, as appropriate. P < 0.05 was considered to be statistically significant. GraphPad Prism software (version 6.0) was used to conduct all statistical analyses.
Results
Systolic blood pressure does not increase during chronic hypercholesterolemia or in aging with normocholesterolemia
In WT mice fed normal chow (at week 19, n = 20; at week 61, n = 18), systolic blood pressure was generally stable over a 56 w period from 5 w to 61 w of age. Similarly, systolic blood pressure did not increase in ApoE −/− mice during 56 w of high-fat feeding (at week 19, n = 20; at week 61, n = 13), but tended to decrease by ∼10 mmHg over this time (Fig. 1A) . When mice that died during the 56 w period were excluded from the data set (WT: n = 2; ApoE −/− : n = 7), the blood pressure data remained similar ( Supplementary  Fig. S1A ). Telemetry confirmed that blood pressure was not different between WT and ApoE −/− mice after 54-56 w of either a normal chow or high-fat diet, respectively (n = 2 each; see Supplementary  Fig. S1B ). Oil red O staining confirmed advanced atherosclerosis to be present throughout the aorta of ApoE −/− but not WT mice (Fig. 1B) . Plasma concentrations of total cholesterol, triglycerides and LDL were greater in ApoE −/− versus WT mice (Fig. 1C-E) , whereas HDL was lower in ApoE −/− than WT mice (Fig. 1F ).
Advanced atherosclerosis but not aging is associated with elevated plasma levels of inflammatory markers
Compared to 61 w old WT mice, age-matched ApoE −/− mice had higher plasma levels of IL-6, TNF-␣ and IFN-␥, whereas aging alone had no effect on plasma levels of inflammatory markers in WT mice (Fig. 2) . IL-12p70 and IL-5 were also elevated in ApoE −/− mice by ∼2.5-fold and 60-fold, respectively (data not shown).
Fig. 2. ApoE
−/− mice (15-16 months old) have increased plasma interleukin-6 (A, IL-6), tumour necrosis factor-␣ (B, TNF-␣) and interferon-␥ (C, IFN-␥) compared to young (8-12 weeks old) and 15-16 months old WT mice (n = 9-10). All data are mean ± S.E.M. *P < 0.05 vs young and old WT, One-way ANOVA with Tukey's post-hoc test.
Fig. 3. Relaxant responses of abdominal aortas from old ApoE
−/− mice, to carbachol (A) and DEA/NO (B) were impaired when compared to young and old WT mice (n = 5-7). In thoracic aortas from old ApoE −/− mice, basal superoxide levels were not different from WT (C), but there was elevated PDB-stimulated superoxide production when compared to both young and old WT mice (D; n = 5-6). All data are mean ± S.E.M. *P < 0.05 vs young WT and old WT, Two-way ANOVA with Tukey's post-hoc test.
Advanced atherosclerosis but not aging is associated with endothelial dysfunction and vascular oxidative stress
Compared to aortic rings from age-matched WT mice, endothelium-dependent relaxant responses to carbachol were markedly reduced in aortae from ApoE −/− mice (Fig. 3A) . Aging alone had no effect on aortic endothelial function, whereby relaxant responses to carbachol were similar in rings from young and old WT mice (Fig. 3A) . Aortae from young and old WT mice responded in a similar manner to the endothelium-independent relaxant, DEA/NO, while responses were slightly right-shifted in ApoE −/− rings (Fig. 3B) . Although basal levels of superoxide in the aorta did not differ between the three groups of mice (Fig. 3C) , there was ∼3.5-fold greater production of superoxide following NOX2 oxidase activation by PdB in aortic rings from atherosclerotic mice, in comparison to either young or old WT aortae (Fig. 3D) . Despite the absence of atherosclerotic lesions in mesenteric arteries from ApoE −/− mice (data not shown), the profile of relaxant responses was similar to that of the aorta, whereby endothelial function was impaired in atherosclerosis but largely preserved in normocholesterolemic aging (Supplementary Fig. S2A ). There was no difference between the three groups in relaxant responses of the mesenteric artery to DEA/NO (Supplementary Fig. S2B ).
Effects of aging and atherosclerosis on vascular expression of inflammation-related genes
In contrast to the aging-independent effects of atherosclerosis on vascular function and oxidative stress, vascular expression of inflammation-related genes was varied and followed a different profile from that observed in the brain or kidney (see below). In the thoracic aorta, expression of chemokine (C-C motif) ligand (Ccl) 2, Ccl7 and Ccl12 (Fig. 4A and Supplementary Fig. S3A-C) , were all higher in old versus young WT mice. Atherosclerosis resulted in selective increases in Ccl8, Ccl12, chemokine (C-C motif) receptor (Ccr) 2, Il-6 and Tnf-˛ ( Supplementary Fig. S3B and Fig. 4B, 4E and 4F).
Advanced atherosclerosis but not aging is associated with brain inflammation
Brain expression of Ccl2, Ccl7, Ccl8, Ccl12, Ccr2, Ifn-, Il-1ˇ, Il-6 and Tnf-˛ was higher in ApoE −/− mice than in age-matched WT mice (Fig. 5A-F and Supplementary Fig. S4A-C) . Aging alone had no effect on brain expression of any of the inflammation-related genes examined in WT mice (Fig. 5A-F and Supplementary Fig. S4A-C) .
Aging but not advanced atherosclerosis is associated with renal inflammation
In contrast to the vasculature and brain, aging (in either the absence or presence of atherosclerosis) resulted in renal inflammation. Expression of Ccl2, Ccl7, Ccl8, Ccl12, Ccr2, Ifn-, Il-1ˇ, Il-6 and Tnf-˛ were all higher in kidneys of 61 w versus 10 w old WT mice (Fig. 6A-F and Supplementary Fig. S5A-C) . Interestingly, renal expression of these genes was similar between old WT and atherosclerotic mice (Fig. 6A-F and Supplementary Fig. S5A-C) .
Discussion
The major finding of this study is that despite the presence of systemic, renal and cerebral inflammation, extensive aortic lesions, vascular oxidative stress, inflammation and endothelial dysfunction in large and small vessels, the development of advanced atherosclerosis per se does not result in elevated blood pressure in fat-fed ApoE −/− mice over 56 weeks. Furthermore, our data clearly indicate that the marked changes in vascular characteristics occurring over more than a year were mostly associated with the presence of atherosclerosis and were not merely an effect of aging because there was little or no difference in endothelial function, vascular oxidative stress or inflammation between young and old (age-matched to ApoE −/− ) WT mice.
This study provides perhaps the most comprehensive set of data to date describing the long-term blood pressure profile and key cardiovascular characteristics that develop during aging and/or atherogenesis in mice. Strengths of this study include: regular longitudinal blood pressure measurements over more than a year as a primary focus; additional inclusion of continuous blood pressure measurements over 2 weeks at 59 weeks of age using radiotelemetry to complement data from the tail-cuff method; the incorporation of a high-fat diet in ApoE −/− mice to ensure that advanced lesions developed during the study; and the inclusion of both young and age-matched WT cohorts to enable discrimination between effects of aging and atherosclerosis. Other less comprehensive analyses have reported that blood pressure may either increase [14] [15] [16] , decrease [17] [18] [19] or remain unchanged [20] [21] [22] as ApoE −/− mice mature. However, the inclusion of all facets of experimental design in our study provide a degree of confidence in our conclusion that blood pressure is very likely not increased in this model of atherosclerosis. In particular, we measured blood pressure every 7 weeks for 56 weeks, and found no increase in blood pressure in either fat-fed ApoE −/− mice or age-matched WT mice, indicating that the profound inflammatory, functional and structural changes occurring throughout the vascular system during atherosclerosis was not sufficient to cause hypertension.
We found that advanced atherosclerosis was associated with systemic inflammation as well as end-organ inflammation including brain and aorta − all of which are important for blood pressure regulation. While many studies [23] [24] [25] [26] have reported evidence for a role of the immune system in hypertension, it remains unclear as to whether inflammation is largely a cause or an effect of hypertension. In our study, profiles of inflammatory markers in WT and ApoE −/− mice revealed that the increases in inflammatory gene expression in kidney were largely a consequence of aging, whereas hypercholesterolemia/atherosclerosis was necessary for substantial expression of inflammatory markers in plasma, brain and aorta. Nevertheless, as blood pressure did not increase in either WT or ApoE −/− mice, our data suggest that the presence of inflammation alone is insufficient to induce hypertension in mice.
Similarly, we found that the capacity for vascular superoxide production was greater in aorta from atherosclerotic mice, and in parallel there was a selective impairment of endothelial function in both this large conduit artery and in the small mesenteric artery. We have previously reported that augmented vascular superoxide production in old ApoE −/− mice is due to increased expression and activity of NOX2 oxidase [27] .
As for most markers of vascular inflammation, we found that 15-16 months of aging under normocholesterolemic conditions had no effect on either vascular superoxide production or endothelial function. It has been reported that in 22-to 24-month-old WT mice, aortic superoxide levels are elevated [28] , and endothelial dysfunction is present in mesenteric arteries [29] . It is therefore possible that vascular superoxide production and endothelial impairment may have eventually developed in our mice over several more months. Endothelial dysfunction, especially in association with oxidative stress, in large and small arteries would be expected to result in an increased total peripheral resistance [30, 31] . Again, however, while both hypertension and atherosclerosis are known to be associated with vascular oxidative stress and endothelial dysfunction, these changes in vascular phenotype in the present study were clearly insufficient to cause elevation of blood pressure in either the absence or presence of hypercholesterolemia and atherosclerosis.
In summary, the present findings reveal that advanced atherosclerosis, associated with marked vascular lesion formation, inflammation, oxidative stress and endothelial dysfunction − all factors known to be strongly associated with hypertension − does not necessarily result in the development of hypertension even after more than a year. Hypertension is a multifactorial condition; hence, further studies are required to clarify the complex roles that atherosclerosis, inflammation, oxidative stress and endothelial dysfunction play in the pathophysiology of hypertension.
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